By far the largest proportion of the Earth's biosphere is comprised of organisms that thrive in cold environments (psychrophiles). Their ability to proliferate in the cold is predicated on a capacity to synthesize cold-adapted enzymes. These enzymes have evolved a range of structural features that confer a high level of flexibility compared to thermostable homologs. High flexibility, particularly around the active site, is translated into low-activation enthalpy, low-substrate affinity, and high specific activity at low temperatures. High flexibility is also accompanied by a trade-off in stability, resulting in heat lability and, in the few cases studied, cold lability. This review addresses the structure, function, and stability of cold-adapted enzymes, highlighting the challenges for immediate and future consideration. Because of the unique properties of cold-adapted enzymes, they are not only an important focus in extremophile biology, but also represent a valuable model for fundamental research into protein folding and catalysis. 
INTRODUCTION: ADAPTATION TO THE COLD
Life, particularly microbial life, has evolved the capacity to proliferate in a broad range of different thermal environments. Thermal adaptation, particularly to extremes, has also limited the range of temperatures any individual organism may tolerate. This is illustrated for hot environments by a member of the Archaea, which was isolated from a deep sea hydrothermal vent and is capable of and restricted to growth at temperatures between 85
• C and 121
• C (1) . At the opposite thermal extreme, psychrophilic (cold-adapted) microorganisms have been described that are capable of metabolizing in snow and ice at −20
• C, and numerous psychrophilic isolates have been characterized by their ability to proliferate at ≤0
• C and are restricted to <30
• C (2-5). Clearly, mechanisms have evolved that provide the ability, and restrict the scope, of an organism to adapt to a particular thermal environment.
The largest proportion of biomass on Earth is generated at cold temperatures (≤5
• C). This is mainly due to the contribution of vast numbers of microorganisms in the world's oceans, although the cold biosphere extends to permanently cold alpine regions, caves, the upper atmosphere, and polar regions, in addition to seasonally cold environments (2, 3, (5) (6) (7) . Representatives of organisms from the three domains of life (Bacteria, Archaea, Eucarya), including bacteria, yeast, archaea, algae, fungi, lichens, moss, plants, invertebrates, and fish, have been isolated and characterized from these cold environments (2, 5) .
All these organisms are at thermal equilibrium with their environment, and all components of their cells must be suitably adapted to the cold (5) . Their phylogenetic diversity underscores the potential mechanistic diversity that may have evolved to enable cold adaptation, and to some degree, cell-specific adaptation strategies have been identified. For example, antifreeze proteins are a feature of Antarctic and Arctic fish, although they are not typically found in psychrophilic microorganisms. What has emerged as a general feature from a number of decades of research is that organisms that live in permanently cold environments harbor enzymes that function effectively in the cold (3) (4) (5) (8) (9) (10) .
Genomic (e.g., 11) and proteomic (e.g., 12, 13) studies of psychrophiles are now emerging, and the potential biotechnological applications of cold-adapted enzymes have been extensively considered (e.g., 5, 14, 15) . This review focuses on the structure, function, and stability of cold-adapted enzymes and is not restricted to enzymes from microorganisms. However, with the exception of fish, most cold-adapted enzymes have been sourced from prokaryotes. The α-amylase from Pseudoalteromonas haloplanktis (AHA) is referred to frequently, as it is the most comprehensively studied cold-adapted enzyme.
ACTIVITY OF COLD-ADAPTED ENZYMES
How enzymes avoid a decrease in their activity as a consequence of a drop in temperature from 37
• C to 0 • C is the crux of cold adaptation and is discussed below.
Cold-Adapted Enzymes Have a High Reaction Rate
The rate of all reactions including enzymatic reactions is described by the Arrhenius equation (16) k cat = Aκe −Ea /RT , 1.
where k cat is the enzyme reaction rate, which increases with an increase in absolute temperature (T ) and a decrease in activation energy (E a ), A is the preexponential factor, κ is the dynamic transmission coefficient (generally assumed to be 1), and R is the universal gas constant (8.314 J mol −1 K −1 ). According to Equation 1 , at very low temperatures (0
• -4 • C), insufficient kinetic energy is available in the system to overcome reaction barriers. Psychrophilic organisms have evolved several strategies to compensate for the very slow metabolic rates that would occur at low temperatures as a result of this kinetic effect. These include an energetically expensive strategy of increasing enzyme concentration (17, 18) , seasonal expression of isoenzymes in fish and nematodes (19) (20) (21) , and the evolution of enzymes in which reaction rates tend to become temperature independent and approach diffusion control (10) . The majority of cold-adapted enzymes are characterized by a shift in apparent T opt (optimum temperature of activity) to a low temperature with a concomittant decrease in stability. Moreover, they tend to exhibit a high-reaction rate (up to 10-fold higher k cat compared to heat-stable homologs) by decreasing the activation freeenergy ( G # ) barrier between the ground state (substrate) and the transition state (TS # ) (10) . The G # is composed of two components (22) :
where H # is the change in activation enthalpy, S # is the change in activation entropy and T is the absolute temperature.
According to transition-state theory (TST), k cat is related to temperature and thermodynamic activation parameters (10, 16, (23) (24) (25) by the following equation:
where k B is the Boltzman constant (1.38 × 10 −23 J K −1 ) and h is the Planck constant (6.63 × 10 −34 J s). Almost all cold-adapted enzymes studied to date ( Table 1) have a low H # . As a result, the reaction rate tends to be less dependent on temperature, and a highreaction rate (k cat ) is maintained at low temperature (16, 24) .
To consider the effects of S # and H # on k cat , the value of G # from Equation 2 was used in Equation 3 to give Equation 4 :
From Equation 4 , in order for k cat to increase at low temperatures, either S # has to increase, or H # has to decrease. As described above, in cold-adapted enzymes, a decrease in H # is observed to increase k cat . This decrease in H # is structurally accomplished by a reduction in the number of enthalpy-related interactions that need to be broken during transition-state formation. This is likely to generate enhanced flexibility of the active site in cold-adapted enzymes (see the Concept of Flexibility section, below). As a consequence of active-site flexibility, the ground-state enzyme-substrate (ES) complex resides in a wider distribution of conformational states than the activated enzyme-transition-state complex. Depending on the reaction, S # can be negative or positive as this term also includes contributions from the redistribution of water molecules. However, the key point is that the difference in the activation entropy between an enzyme from a mesophile and a psychrophile is always negative (16, (25) (26) (27) .
The gain in k cat would be massive if the decrease in H # was not accompanied by a decrease in S # (16) . It has been shown theoretically that maintaining a constant S # and decreasing H # by 20 kJ mol −1 would result in a ∼50,000-fold increase in k cat at 15
• C (16). However, in practice, such a large increase in k cat is not observed in enzymes from psychrophiles because of an enthalpyentropy compensation (28) (29) (30) . Enthalpyentropy compensation implies that a decrease in H # accompanied by a decrease in S # produces an overall small change in G # .
Can k cat Be Improved?
The activity of enzymes from psychrophiles measured at their environmental temperature (0
is in general lower than that for homologous enzymes from mesophiles at their environmental temperature (∼37
• C). This has been shown for AHA (10, 25, 31) and a xylanase (32) . Although the enzymes from the psychrophiles are indeed active at their environmental temperature, it appears that higher activities might be achievable and that adaptation might therefore be considered incomplete (10, 25, 33) .
For a limited number of enzymes, the k cat of an enzyme from a thermophile is higher or nearly comparable to the k cat (at the same temperature) for the enzyme from a psychrophile ( Table 1) . These include a GTPase (24) , chitanase (34) , isocitrate dehydrogenase (35) , and xylanase (36) . In these cases, the relatively high activity of the enzyme from the thermophile is entropically driven (higher and/or positive S # ). These findings imply that the k cat of a cold-adapted enzyme could be enhanced by simultaneously decreasing H # and increasing S # . This may be achieved by an indirect increase in the entropy (∼40 J K mol −1 ) of the system via water dislocation (37, 38) . In glucanases (e.g., xylanase), a chain of well-ordered water molecules carpets the length of the active site. Some water molecules are displaced when substrate (ground state) or activated substrate (transition state) binds to the active site (39) . If more water molecules are released upon binding of the transition state to the enzyme than upon binding of the ground-state substrate, then there will be considerable entropic benefit for the formation of an enzyme-transitionstate complex (38, (40) (41) (42) (43) (44) . A decrease in S # may be kept to a minimum in cold-adapted enzymes by manipulating the active site to enable the activated substrate to displace a greater number of water molecules than the substrate. It has also been suggested that this may be achieved by adding a small amount of rigidity to part of the active site, while maintaining H # (16) .
Effect of Viscosity on Activity and Activation Energy
TST (Equation 3) is based on the solvent being an ideal dilute substance treated as a heat bath, where it may be applicable to enzymecatalyzed reactions only at low-solution concentrations (45) . High viscosity at low temperatures may particularly limit the usefulness of Equation 3 (46) . A modified TST equation that takes into account the viscosity of the medium has recently been proposed (45) . At low temperatures, the dynamic transmission factor (κ) in Equation 1 cannot be assumed to be 1:
and
where η is the relative viscosity (viscosity of solution divided by the viscosity of water, η w ), and ω b , a, and m are the vibrational energy, radius, and mass of a spherical particle, respectively. η 1 is the dimensionless unknown parameter, which can be determined by fitting the experimental data to Equation 
Optimization of K m in Cold-Adapted Enzymes
The strength of the ES interactions may decrease (electrostatic interactions) or increase (hydrophobic interactions) with increasing temperature. The former are derived exothermically, whereas the latter are formed endothermically, within a temperature range of 0 46) . However, both types of interactions are affected by changes in water structure that occur as a function of temperature (47) . For example, the overall free-energy change ( G Total ) that occurs during the formation of an ionic bond is complicated by the effect of temperature on the dielectric constant of water.
where G Desolvation is the energy penalty of desolvating the two charged species, G Electrostatic is the favorable Coulombic and van der Waals interaction between two oppositely charged ionic residues, and G Protein is the free-energy change describing the interactions of the ion pair with other amino acid side chains in the surrounding region of the protein (48) .
In cold-adapted enzymes, K m will be determined by the contributions of the various bond types involved in the ES interactions (49) . Enzymes with low K m have more negative binding energy ( G ES ) than those with higher K m , in accordance with the relationship (50) in Equation 9:
As a result of higher ES affinity, the reaction falls deeper into a thermodynamic well (more negative G ES ) from where it has to climb in order to form a transition state (20, 25, 26, 37 (51) . There is experimental evidence that the transition-state, but not the ground-state, substrate forms strong electrostatic bonds and strong H-bonds (hydrogen bonds) with the active site (37, 52) . For glucanases, binding of the ground-state substrate is mainly afforded by hydrophobic interactions, whereas the activated substrate (charged oxocarbonium ion) is polar and binds electrostatically (53) . As a result, compared to the ground-state substrate, enzyme affinities for the activated substrate are expected to increase much more steeply with decreasing temperature (38) . The high k cat of cold-adapted enzymes is consistent with low temperatures favoring transitionstate binding.
The majority of cold-adapted enzymes ( Table 1 ) have a higher k cat and K m than their thermostable counterparts, with the exception of enzymes, which work at a [S] close to K m (e.g., rate-limiting enzymes involved in metabolic pathways) (26) . In addition to those listed in Table 1 , a malate dehydrogenase (54), β-lactamase (55), DNA ligase (56) , and aspartate aminotransferase (57) have similar characteristics. This relationship is well illustrated for α-amylases, wherein mutants of AHA tended to exhibit proportional decreases in k cat and K m (9, 25, 58) .
Higher K m and k cat are also characteristics of lactate dehydrogenase (LDH-A 4 ) enzymes from cold-water fish (4, 20, 59, 60) . The higher K m in cold-adapted LDH-A 4 results in a decrease in G ES with a concomitant decrease in the energy of activation required to form the transition state, thereby increasing k cat (20, 59, 60 (35) .
To facilitate substrate binding at a lowenergy cost, the active site of cold-adapted enzymes tends to be larger and more accessible to the substrate. In citrate synthase, this type of architecture (see the section Flexibility and Structural Adaptation, below) is achieved by replacing amino acids that have bulky groups with those that have smaller side chains and by increasing the length of loops around the active site (62) . In addition to increasing K m , these structural features have been found to cause a reduction in substrate specificity in an elastase (8) and alcohol dehydrogenase (63) .
It is clear that the majority of cold-adapted enzymes have a higher K m than more stable homologs. However, some cold-adapted enzymes have a lower K m than thermostable homologs. For secreted enzymes from marine microorganisms, the requirement for a low K m may relate to the need to scavenge substrates that are at low concentrations in the environment (9, 54, 64, 65) . In a chitobiase from an Antarctic marine bacterium, k cat is 8-fold higher and K m 25-fold lower than a homolog from a mesophile (66) . The chitobiase is a multidomain enzyme with a relatively rigid substrate-binding cleft, but it has a relatively flexible region surrounding the catalytic site (see the Concept of Flexibility section, below). The low K m was attributed to the replacement of two Trp residues (mesophile) by two polar residues in the substrate-binding site, with the ionic interactions responsible for highsubstrate affinity at a low temperature (5
• C) (66) .
Comparatively few cold-adapted enzymes have been examined from the Archaea (67, 68) , although comparative genomic studies have been performed with two Antarctic representatives (11) . Studies of a GTPase [elongation factor 2 (EF-2)] from the Antarctic archaeon, Methanococcoides burtonii, and a closely related thermophile, Methanosarcina thermophila, have shown that cold adaptation involves a decrease in K m (69, 70 physiological activity of the enzyme was affected by interaction with partner proteins (ribosomes) and by the thermally regulated levels of intracellular solutes (68) . These findings highlight that, although inherent properties of individual proteins make essential contributions to adaptation, cellular factors can play an important role and should be considered when interpreting the mechanisms and effectiveness of cold adapation.
STABILITY OF COLD-ADAPTED ENZYMES
Because of their highly flexible structures (see the section Global Versus Local Flexibility, below), cold-adapted enzymes unfold at low to moderate temperatures with a concomitant reduction in kinetic and conformational stabilities. This is discussed below.
Unfolding of Cold-Adapted Enzymes
A number of spectrophotometric [fluorescence and circular dichroism (CD)], calorimetric [differential scanning calorimetry (DSC)], and electrophoretic [transverse ureagradient gel electrophoresis (TUG-GE)] methods have been employed to study unfolding/folding transitions and measure kinetic and conformational stabilities of enzymes (71) (72) (73) . Most studies of cold-adapted enzymes using these techniques have been carried out on multidomain proteins and include chitobiase (66) , dihydrofolate reductase (74), ornithine carbamoyltransferase (75), phosphoglycerate kinase (64), xylanase (32, 76) , DNA ligase (77), β-galactosidase (65), EF-2 (70), and AHA (58, 71, 72, (78) (79) (80) .
Heat-induced unfolding of large multidomain proteins (including cold-adapted proteins) tends to be kinetically driven as a result of the usually irreversible nature of unfolding. AHA is presently the only example of a cold-adapted enzyme that displays fully reversible unfolding (71) . When subjected to unfolding at 20
• C or above, AHA shows reversible unfolding (71, 72, 79) . This is illustrated by 100% recovery of H cal (the total amount of heat absorbed during unfolding) during a second DSC scan following the initial thermal denaturation (71) . The ratio of H cal to H vantHoff (cooperativity of unfolding determined from the slope of the transition) is 1, implying true two-state unfolding (58) .
Cooperative unfolding is typically associated with small-molecular-weight enzymes, which have a tightly packed core (81) . AHA is a large enzyme (∼50 kDa), and cooperative unfolding appears to be due to the small number of interactions between structural elements that preserve the native state (58) . Simultaneous disruption of the limited number of interactions is likely to facilitate two-state unfolding (58) .
In pancreatic porcine α-amylase (PPA) and more stable mutants of AHA, two-state unfolding does not occur (or partially occurs). Non-two-state unfolding can be attributed to increased ionic interactions, which increase the frequency of intramolecular mismatches during folding. In a large number of AHA mutants, the rate of thermal inactivation has been found to be directly proportional to the extent of reversibility (58) . An N12R replacement produces an R12 to D15 salt bridge in domain A, which is not present in the wildtype AHA, and the mutant exhibits a 75% reduction in reversibility (58) .
Using TUG-GE it was shown that at 3
• C and 12
• C, AHA unfolds reversibly and sequentially showing two transitions (79) . The transition that unfolded at lower urea concentration was identified as belonging to the active-site region (79) . Cooperative unfolding of structures forming the active site (parts of domain A and domain B) was shown to precede independent unfolding of other more stable regions of the protein (parts of domain A and domain C) (79) . By constructing chimeric enzymes from thermolabile and thermostable domains of isocitrate dehydrogenase enzymes, the substrate-binding region of the cold-adapted enzyme was found to be the most flexible region (with high K m ) from which unfolding initiated (35) . The findings for AHA and isocitrate dehydrogenase illustrate that instability of the active-site region is a feature of these heat-labile enzymes, and it will be valuable to examine this experimentally in a broader range of cold-adapted enzymes.
Kinetic Stability
Kinetic stability can be followed by enzyme inactivation (k inact ) or denaturation (k denat ) (73, Kinetic stability: a measurement of how rapidly an enzyme unfolds irreversibly at a given temperature 82). The majority of cold-adapted enzymes have a half-life (t 1/2 ) of <12 min at 50
• C, and some, such as a DNA ligase (77) , denature at temperatures as low as 35
• C ( Table 2) . For kinetic stability, it is important to consider the magnitude of the free-energy change ( G # ) between the folded (active) state and the transition state: where F is the folded enzyme, K is the equilibrium constant and k is the first-order rate constant for the conversion of TS # to the denatured state (D).
In order to increase the rate of thermal unfolding, cold-adapted enzymes require a decreased G # as shown in Equation 10 .
In accordance with Equations 2 and 10, the reduced thermostability of cold-adapted enzymes could be caused by low H # of the folded form [implying a reduced number of noncovalent interactions that need to be broken to reach transition state (TS # )] or by increased S # of the unfolded form (implying a higher disordered TS # ) (25, 83) . The thermodynamic activation parameters of the cold-adapted enzymes, glutamate dehydrogenase (84), glycosyl hydrolase (76), AHA (72) , and DNA ligase (77) ( Table 2 ), indicate that low thermostability has resulted from increased disorder of the transition state (high T S # ). It is important to note that the decreased entropy of thermostable enzymes ( Table 2 ) may also arise from the hydration of nonpolar groups during unfolding. Water may form ordered structures around hydrophobic side chains and decrease the entropy of the system (77, 83) .
The reason cold-adapted enzymes have higher H # than homologs from mesophiles and thermophiles (Table 2 ) is as follows: The enthalpic contribution to thermolability may reflect the higher cooperativity of unfolding that arises from the lower number of interactions that need to be disrupted. Coldadapted enzymes unfold in a narrow temperature range, thereby producing a steep slope in an Arrhenius plot and generating high values of H # (25, 77) . For EF-2 (24) and a chemically modified alkaline phosphatase (83), low thermostability was achieved through a decrease in H # . The reduced H # of the two enzymes from the psychrophiles may result from a reduction in interactions that need to be broken in order to reach TS # and subsequent collapse of the structure. To establish the relevance of these findings, it will be valuable to determine activation parameters of denaturation for a larger range of cold-adapted enzymes and their thermostable homologs. The cold-adapted citrate synthase from Arthrobacter sp. has a large number of ion pairs compared to thermostable homologs (85), making it a good candidate for determining the importance of enthalpic contributions to its kinetic stability.
Conformational Stability
Conformational stability is typically determined for small, single-domain enzymes that undergo reversible unfolding (Scheme 2) (71, 73).
where U is the unfolded enzyme. G is a measure of the thermodynamic stability of a protein and is most easily calculated from the determination of K at varying temperatures, or concentrations of a denaturant, in accordance with Equation 10 . For most proteins, the value of G is small (e.g., 20-60 kJ mol −1 ), equivalent to a few noncovalent interactions, and thus proteins appear to be only moderately stable at in vivo temperatures.
The thermodynamic parameters of conformational stability (Table 3) illustrate that enzymes from psychrophiles are thermolabile compared to those from mesophiles and thermophiles. The importance of enthalpic contributions to conformational stability is also reflected in site-directed mutants, which produce additional intramolecular interactions. For example, in an N150D (extra salt bridge with K190) and V196F (two extra aromatic interactions with Y82 and F198) AHA double mutant, T m (melting temperature) and H cal increase by 2.4
• C and 243 kJ mol −1 , respectively (58) .
Conformational stabilities may be evaluated using the Gibbs-Helmholtz equation: 
where G(T ) is the free energy required to disrupt the folded state and is 0 at T m , H m is the enthalpy change at T m , and C p is the heat capacity at constant pressure. Protein aggregation that is caused by irreversible denaturation (particularly for multidomain enzymes) can become negligible in the presence of sulfobetaine (72) . Under these conditions, k is assumed to be small, and the Stability curve: plot of G versus T. The temperature at the peak of the stability curve is T max unfolding transition can be treated as obeying equilibrium thermodynamics (see Scheme 3).
Scheme 3.
Applying Equation 11 and Scheme 3, stability curves can be generated by plotting G versus T (Figure 1 ) (73, 74) . In principle, the low stability of cold-adapted enzymes may be attained through a shift in the stability curve (Figure 1) . collapse of the stability curve in which both G and T m decrease (Table 4 ) (33, 71, 72) . For thermostable homologs, T max (maximal temperature) lies to the left-hand side of the growth temperature optima of their respective mesophilic and thermophilic hosts (74) . This indicates their structure is stabilized enthalpically, and unfavorable entropic contributions contribute to normal enzyme mobility. The stability curves for AHA show that T max lies to the right-hand side of the environmental temperature for P. haloplanktis, indicating that in the cold the structure of AHA is stabilized entropically and destabilized enthalpically (72) . This implies that increased flexibility of AHA mainly involves hydration of polar and nonpolar groups (72) (see the section Flexibility and Structural Adaptation, below). Other than AHA, this type of stability curve has only been constructed for dihydrofolate reductase, and similar conclusions were reached about its conformational stability (74) .
Cold Denaturation
At temperatures below T max , cold denaturation commences and becomes complete below 0
• C at the T m where the curve crosses the x-axis (Figure 1) . The stability curves of AHA (72) ( Table 4) Hypothetical stability curves depicting possible ways to achieve low stability. The stability curve for a cold-adapted enzyme may be shifted to a lower temperature (blue line) compared to that of a thermostable homolog (red line). The gradient of the heat denaturation side of the curve may be increased while maintaining a constant T max and G (T max ) (orange line). Global collapse of the curve may occur, corresponding to both a lower G and T m ( green line).
reductase (74) ( Table 4) show that the coldadapted enzymes are more cold labile than their thermostable homologs, with AHA predicted to become cold denatured at approximately −5
• C (72). In the presence of urea, cold denaturation of AHA was found to occur at 3
• C, with the catalytic domain being more cold labile than the rest of the protein (79) . These findings demonstrate that the region containing the active site is more heat (see the section Unfolding of Cold-Adapted Enzymes) and cold labile in AHA.
There is little experimental data examining cold denaturation. The hydration of polar and nonpolar groups has been implicated in cold denaturation (72, 86) . This is consistent with enzymes from psychrophiles tending to have a less packed hydrophobic core and fewer ionic interactions (see the section Flexibility and Structural Adaptation, below). A good candidate for assessing the importance of ionic interactions is the citrate synthase from Arthrobacter, which has a large number of ionic interactions (compared to thermostable homologs), which have been implicated in enhancing stability at low temperatures (47, 62, 85, 87) .
ACTIVITY-STABILITY RELATIONSHIP
Cold-adapted enzymes are characterized by high flexibility, thermolability, and specific activity at low temperatures (3, 9, 10), whereas thermostable homologs have low activity and are structurally rigid at low temperatures (88) . These apparently mutually exclusive properties indicate that an activity-stability trade-off exists in cold-adapted enzymes. A list of enzymes that exhibit intrinsically high activity at low temperatures (green font), high stability (blue font), or low activity or stability (red font) are compiled in Table 5 . The table highlights the properties of enzyme variants (genetically or chemically modified) that were designed to increase the stability of a coldadapted enzyme while maintaining its high activity or to increase the low temperature activity of a thermostable enzyme while maintaining its high stability. For many variants, a gain in activity (green font) is accompanied by a decrease in stability (red font), and an increase in stability (blue font) is accompanied by a decrease in activity (red font), illustrating an activity-stability trade-off (33) . There are numerous examples of this in the literature, demonstrating that this is a general principle (33) . However, there are a number of examples highlighted in Table 5 wherein the activity-stability trade-off relationship has been defied, e.g., Lipase B (89, 90) and shrimp alkaline phosphatase (83) .
It is noteworthy that activity measurements are typically performed using small synthetic substrates. Subtilisin mutants have been generated that demonstrate high activity toward small substrates but no enhancement for casein (91) . It remains to be determined whether the mutant or modified enzymes demonstrate the same trend toward naturally occuring substrates or whether their substrate specificity has also been modified (90) .
In phosphoglycerate kinase, the active site is formed by a flexible, heat-labile catalytic domain that is brought together with a rigid, stable substrate-binding domain through a hinge region (64) . A similar separation of catalytic and substrate-binding domains is present in a cold-adapted chitobiase (66) . These examples illustrate that the stability and activity of an enzyme can involve distinct regions of the protein (59, 72) .
Heat lability of cold-adapted enzymes may reflect the need for high flexibility in the active-site region rather than the absence of selective pressure for stability (25) . This view is consistent with the ability to engineer increased thermostability without compromising activity (33, 92) and with the proposal that cold-adapted enzymes evolved from a more thermostable ancestor (93) . In this context, it is interesting to consider why the catalytic domains of cold-adapted enzymes have evolved flexibility, whereas the noncatalytic domains have retained relative stability (9). 
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CONCEPT OF FLEXIBILITY
The low stability and high activity of coldadapted enzymes at low temperatures implies a flexibile enzyme structure. Amino acids involved in catalysis are conserved between cold and thermostable homologs, illustrating that causes of flexibility must reside in other parts of the enzyme (59, 94) Two types of flexibility can be considered: static and dynamic (33, 95) . Static flexibility can be approximated by techniques that provide the average mobility of amino acid side chains, such as B-(temperature) factors (estimate of occupancy derived from electron density maps averaged over a population and Based on B-factors from a large set of highresolution structures, amino acids have been classified as rigid (WYFCIVHLMA) or flexible (GTRSNQDPEK), with flexibility increasing from W to K (98). The average B-factor for a cold-adapted malate dehydrogenase was reported to be lower than for a homolog from a thermophile (54) . However, the B-factors were twofold higher for regions involved in substrate and cofactor binding. In
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Dynamic flexibility: a measure of how rapidly structures within an enzyme interconvert between conformations a separate study, B-factors were reported to be invariant in homologs from psychrophiles, mesophiles, and thermophiles (33) . When H/D exchange was compared between LDH-A 4 from cold-and warm-water-adapted fish, no difference was observed at 2
• C (indicating equivalent flexibility) (60) . However, at 23
• C, the H/D exchange rate was higher for LDH-A 4 from the cold-water fish, implying higher flexibility of the cold-adapted enyzme. For a cold-adapted 3-isopropylmalate dehydrogenase, the H/D exchange was not supportive of it having a high level of static flexibility (97) .
Dynamic flexibility is measured by dynamic fluorescence quenching (72, 73, 77) and proteolytic nicking (99) . For a flexible enzyme, the quencher (e.g., acrylamide) will infiltrate the inner part of the structure and decrease Trp fluorescence, thereby providing a high index of permeability (72, 73) . Permeability provides a measure of all conformational conversions averaged over a timescale that is sufficient to enable the quencher to diffuse into the enzyme (72) . Applied to α-amylases (72), DNA ligases (77), and Ca 2+ -Zn 2+ proteases (33, 100), protein permeability was found to be highest for the cold-adapted enzymes. Proteolytic nicking has been used to identify flexible regions in chimeric isocitrate dehydrogenases that were constructed from cold-adapted and thermostable homologs (35) . The study confirmed that the components derived from the psychrophile contained more flexible regions (more nicking) than those of the mesophile.
The flexibility of cold-adapted enzymes has also been examined by indirect means. The X-ray structures of an elastase (101), citrate synthase (62) , and AHA (72) have been predicted to have enhanced substrate accessibility conferred by a highly flexible active-site region. These studies predict that improved accessibility afforded by enhanced flexibility should not only reduce the energy required to access large substrates but also decrease substrate specificity.
Global Versus Local Flexibility
A number of studies have addressed whether cold-adapted proteins have flexibility throughout their structure (global flexibility) or whether they have distinct regions of local flexibility. It has been argued that global flexibility may promote high activity and low stability in cold-adapted enzymes; however, it may also enhance incorrect folding (58) . Studies of wild-type and mutant forms of AHA, which demonstrate that the enzyme is able to undergo two-state reversible unfolding, support the view that the structure of AHA is uniformly flexible (10, 58, 71, 72) . Molecular dynamic simulations of a protease from a mesophile (savinase) that has been engineered to contain a loop structure that is present in a protease from a psychrophile (subtilisin) also support the view that a gain in psychrophilic character is accompanied by an overall increase in flexibility (102) .
Support for local flexibility comes from studies that propose that thermal unfolding starts from the most flexible loop present on the protein surface (103) , from extremities of the protein (8, 25) , or from the active site (79) . In the case of AHA, data supporting global (10, 58, 71, 72) or local flexibility (72, 79) have been described (also see Unfolding of Cold-Adapted Enzymes). Conclusions drawn reflect the methodology (DSC, CD, fluorescence, TUG-GE, X-ray B-factors, H/D exchange) and experimental conditions (temperature, pH, absence/presence of urea, Ca 2+ , Cl − ), as well as a developing understanding gained from wild-type, genetically manipulated, and chemically modified variants.
Consistent with discussions in previous sections (Activity-Stability Relationship and Concept of Flexibility), in order to attain sufficient activity at low temperatures, the activesite cleft may need to be more flexible than peripheral parts of the enzyme. In support of this, loop structures around active sites have been reported to have enhanced flexibility, resulting in increased K m (35, 59, 104, 105) . Cold-adapted enzymes that appear to have enhanced flexibility of the active site include a protein-tyrosine phosphatase (106), uracil-DNA glycosylase (107, 108) , chitobiase (66) , and phosphoglycerate kinase (64) .
FLEXIBILITY AND STRUCTURAL ADAPTATION
Considerable effort has been directed toward defining the essential structural features of a protein that describe the thermal characteristics of its activity and stability. The first Xray structure for a cold-adapted protein appeared in 1994 (116) , and 15 structures are presently in the Protein Data Bank ( Table 6 ). The structural basis of cold adaptation has been inferred from comparisons of X-ray structures ( Table 6 ) with homology models of proteins from mesophiles and thermophiles. As discussed above in Optimization of K m in Cold-Adapted Enzymes, the activity and stability of a candidate enzyme can be greatly affected by its physiological environment. It is also noteworthy that the majority of studies have been performed on cold-adapted enzymes from marine organisms. To some degree (particularly for secreted enzymes), compositional and structural charcteristics may reflect halophilic as well as psychrophilic adaptation (8) .
The comparison data sets used influence the nature of conclusions drawn about structural adaptation. X-ray structures of citrate synthase have been compared from phylogenetically and biochemically distinct members of Bacteria, Eucarya, and Archaea (85, 87) . In the absence of crystal structure information, some modeling studies have purposefully chosen phylogenetically closely related organisms (e.g., 10, 117, 118). Thomas & Cavicchioli (117) found that despite choosing a phylogenetically coherent group of organisms, and a protein (EF-2) that is highly conserved, it was difficult to identify amino acid changes that were obviously linked to thermal adaptation. Because the changes that are critical for thermal adaptation are hidden amid those produced by genetic drift and other effectors of
FOLDING FUNNEL MODEL
On the basis of kinetic, biophysical, and structural data, a "folding funnel model" has been proposed for AHA and other cold-adapted enzymes (72) . In this model, a cold-adapted enzyme in its native state consists of a large population of conformations with low-energy barriers between conformations (4, 33, 109) . This type of energy landscape would promote conversion between conformations and result in high structural flexibility. The increased flexibility would cause the coldadapted enzyme to spend more time in conformations that are not optimal for substrate binding and result in high K m (4) . The low-energy barriers across a spectrum of microstates would result in an overall decreased activation energy and a high k cat . It would be insightful to test this model by measuring the activity and activation energies of individual molecules (110-115) of sets of cold-adapted enzymes and their thermostable homologs.
natural selection, it can be beneficial to maximize thermal differences and minimize phylogenetic differences in comparative data sets (6, 117) , particularly if X-ray structures are not available.
An alternative approach to comparisons of single-protein sets is to identify statistically valid trends from the analysis of large data sets. A comparative genomics study has been performed on archaea spanning the growth temperature range 0
• C to 110
• C (11). Principle component analysis revealed that proteins from the cold-adapted archaea had a higher content of noncharged polar amino acids, particularly Gln and Thr, and a lower content of hydrophobic amino acids, particularly Leu. Using threading and homology modeling, 1111 modeled protein structures were constructed. Analysis of the models from the cold-adapted archaea showed a strong tendency in the solvent-accessible area for more Gln, Thr, and hydrophobic residues as well as fewer charged residues. Future statistical analyses of genome data sets should enhance the ability to identify the most abundant and significant structural characteristics of cold adaptation. Table 6 Structural and compositional elements characteristic of cold-adapted enzymes deduced from X-ray structure comparisons Experimental verification and empirical determination of important structural features have been examined through rational design and screening of variants derived by genetic or chemical modification (73) . Three X-ray structures of mechanistic mutants of AHA (with the amino acid change and Protein Data Bank numbers that follow: K300R, 1JD7; K300Q, 1JD9; D174N, 1KXH) have been solved. However, no structures are available for mutants of any cold-adapted enzymes with altered thermal properties.
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Structural features implicated in the flexibility of cold-adapted enzymes have been extensively documented (e.g., 3, 5, 8, 26, 49, 60, 119) . The following sections describe key findings from a large number of studies. 
1TVN, 1TVP
Hydrophobic Interactions
The major factors contributing to the structural flexibility and thermolability of a coldadapted protein are the nature and magnitude of interactions between hydrophobic residues (core hydrophobicity) and between hydrophobic residues and solvent water molecules (surface hydrophobicity). These hydrophobic interactions are discussed below.
Core hydrophobicity. The buried amino acids in cold-adapted enzymes tend to be smaller and less hydrophobic than in homologs from mesophiles and thermophiles (Table 6 ). Van der Waals interactions are weak, very short range, and extremely distance sensitive. Therefore, the distance between hydrophobic groups in the interior of a protein will determine the enthalpic contribution to stabilization (8, 86, 120) . Coldadapted enzymes will be destabilized owing to reduced van der Waals interactions and increased movement of internal groups. Because of its branching and size, Ile can pack more efficiently inside the core and stabilize a (62) , and AHA (122) ( Table 6 ).
In an adenylate kinase from a thermophile, Ile is present at postion 26. In the cold-adapted homolog, the presence of Thr26 appears to increase the solvent accessibility of the core residue, Val21, from 23Å 2 to 42Å 2 (123) . In a cold-adapted uracil-DNA glycosylase (124) and the catalytic domain of a cellulase (118) , decreased hydrophobicity of the core leads to an increase in both the number and volume of internal cavities. The thermolability of the uracil-DNA glycosylase is consistent with location of the cavities being near the active site and the DNA-binding loop (124) .
The solubilities of hydrophobic side chains in water are minimal at 20
• C, and therefore hydrophobic interactions are strongest at room temperature (47) . A study of 31 proteins that unfold reversibly found that ∼3/4 had maximum stability around room temperature (47) . Although the study only included one protein from a psychrophile, these findings illustrate the important role that hydrophobic interactions in the core of a protein play in enhancing protein stability at low to moderate temperatures.
Surface hydrophobicity. The surfaces of cold-adapted enzymes tend to have a higher proportion of hydrophobic (nonpolar) residues ( Table 6 ). This was demonstrated by the X-ray structures of glyceraldehyde-3-phosphate dehydrogenase (119), citrate synthase (62), AHA (122), xylanase (125) , trypsin (126) , shrimp alkaline phosphatase (127) , and adenylate kinase (123) . A similar trend was observed in large-scale modeling and structural studies, which demonstrated that the mean fraction of the solvent-accessible surface (11) or buried surface (119) that is hydrophobic was higher in cold-adapted proteins.
The solvent-exposed area of hydrophobic residues is 7854 and 4929Å 2 in citrate synthase from the psychrophile and hyperthermophile, respectively (62) . However, in the oligomeric form of citrate synthase, the intersubunit hydrophobicity is decreased compared to thermophilic homologs (85) . In particular, the X-ray structures reveal that Ile clusters at the subunit interface are absent in the cold-adapted enzyme, whereas tightly packed hydrophobic clusters are present in the homolog from a hyperthermophile (62) .
For adenylate kinase, the exposed hydrophobic surface of the cold-adapted enzyme is increased by 483Å 2 and equates to a G of 4-11 kJ mol −1 (123) . In the cold-adapted enzyme, Thr replaces Met at position 179 of a thermophilic homolog. Thr179 is unable to maintain hydrophobic interactions with a distant part of the protein, resulting in a marked increase in solvent accessibility of Val21. Because Val21 is part of the hydrophobic core, the Thr179Met replacement appears to be important for generating flexibility of adenylate kinase (123) .
Flexibility in shrimp alkaline phosphatase is likely to be enhanced by hydrophobic residues (55% of the protein surface), which are arranged in clusters (127) . Nonpolar amino acids constitute 32% and 26% of the surface of DNA ligases from psychrophilic and thermophilic bacteria, respectively (77) . Hydrophobic surfaces also appear to be enriched in order to destabilize the active site of the cold-adapted DNA ligase (77) . A similar finding was reported for a protein-tyrosine phosphatase (106) .
Hydrophobic surface residues will destabilize a protein structure because of the decreased entropy of water molecules, which form cage-like structures around nonpolar residues. However, at low temperatures, the entropy gain is reduced owing to the decreased mobility of the released water molecules (47, 87, 120, 128) . This implies that cold-adapted enzymes may gain flexibility from, and have a greater capacity to tolerate, increased surface hydrophobicity (11) . Cold adaptation appears to involve a strategic arrangement of the total exposed and buried nonpolar fraction, leading to increased exposure of the nonpolar residues to water, with a concomittant reduction in the packing of the hydrophobic core (119) .
Surface Hydrophilicity
An increase in surface charge, particularly a negative charge, has been described for coldadapted trypsins (121, 126, 129) , β-lactamase (55), malate dehydrogenase (54), subtilisin (130) (131) (132) , citrate synthase (62) , and cellulase (118) . For shrimp alkaline phosphatase, the negative surface charge is particularly high (−80), with a patch of positive charge located near the active site (127) .
The dielectric constant of water increases from 55.5 Debye (ε r ) at 100
• C to 88 ε r at 0 • C (87). At low temperatures (approaching 0
• C), the energetic cost of disrupting H-bond networks is very high because of the high viscosity and high surface tension of water (87) . In cold-adapted enzymes, the energetic cost may be offset by surface-charged or polar amino acids interacting with water molecules of a high dielectric constant (60, 130) , thereby enabling proper solvation and maintaining flexibility (87) . Better solvent interactions with positively charged His (pK a ≈ 7) may also play a role in improving flexibility at low temperatures ( Table 6 ). The imidazole ring of His has high H ionization , and a decrease in temperature favors its protonation (133) .
In addition to improving solvent interactions, the localization of acidic residues in surface patches may produce charge-charge repulsions causing destabilization of overall protein structure. The catalytic and cellulasebinding modules of a cellulase from P. haloplanktis are connected by an unusually long linker (109 residues). The linker contains 23 acidic amino acids and lacks positively charged residues. Charge repulsion of acidic residues is likely to create a high level of flexibility in the linker region and is proposed to be a major structural feature of cold adaptation in this enzyme (134) . In the case of shrimp alkaline phosphatase (127) , the positively charged surface may direct the negatively charged substrate to the active site.
In contrast to the above studies, a genomic study reported that cold adaptation involves a decrease in the mean fraction of solventaccessible and buried surface that is charged (11) . This trend may reflect characteristics of proteins from Archaea. However, similar trends have been identified using genome sequences of Bacteria (135) . Increasing surface hydrophilicity in proteins from both psychrophiles and thermophiles have been reported (136) . The increased surface charge in thermostable proteins was linked to an ability to form networks of salt bridges (48) , which is in contrast to the interaction with water molecules in cold-adapted enzymes (136) . As ionic interactions become stronger with decreasing temperature, there appears to be a minimization of their number that allows cold-adapted proteins to retain flexibility at low temperatures.
As addressed above (see the section Flexibility and Structural Adaptation, above), the marine origin of many of the cold-adapted enzymes, which have been studied, may explain some of the charged (particularly anionic) characteristics (8) . An extreme example of halophilic adaptation is the overrepresentation of acidic amino acids in the genomes of haloarchaea (137) .
Electrostatic Interactions
Intramolecular, noncovalent, electrostatic interactions are of prime importance in maintaining secondary and tertiary structure. These interactions occur with polar and charged amino acids and mainly comprise H-bonds, salt bridges, and aromatic interactions. Electrostatic interactions are effective over long distances and, as a result, can be difficult to predict, particularly in homology models.
H-bonds.
H-bonds are the most abundant type of noncovalent interactions, and 4-12 kJ mol −1 is required to break a single bond (138) . Because the total difference in stabilization energy between homologs from a psychrophile and mesophile may be as little as 40-50 kJ mol −1 , it is clear that this may be accounted for by a few critically placed H-bonds. Cold adaptation of a triosephosphate isomerase was linked to an Ala replacement of a Ser; Ser is expected to confer thermostability by forming two additional intramolecular H-bonds (139) .
The interpretation of H-bonds in homology models is not reliable because H-bonds are highly directional. No H-bond differences were identified from comparative analyses of the X-ray structures of AHA, citrate synthase, and malate dehydrogenase (54, 62, 122) ( Table 6 ). However, cold-adapted enzymes may have fewer interdomain or intersubunit H-bonds (8) . In one study, a cold-adapted uracil-DNA glycosylase (124) was reported to have three more H-bonds (219 H-bonds) than its counterpart from a mesophile (216 H-bonds).
Arginine-mediated
interactions. Many cold-adapted enzymes have a reduced Arg/Lys ratio, including β-galactosidase (65), chitobiase (66) , phosphoglycerate kinase (64) , and the majority of enzymes listed in Table 6 . In a comparative genomics study, protein models generated from cold-adapted Archaea were found to have fewer charged residues (Arg + Lys + Glu) on their solventaccessible surface (11) . However, a number of cold-adapted enzymes (e.g., citrate synthase, metalloprotease, trypsin, subtilisin) ( Table 6 ) have a higher Arg/Lys ratio compared to thermostable homologs. A cold-adapted uracil-DNA glycosylase has three more Arg residues than a homolog from a mesophile (124) . In this enzyme, Arg residues are located mostly near its surface. Unless they participate in ionic interactions, they are likely to form interactions with water, thereby imparting flexibility to the overall enzyme structure (8, 124) .
Arginine residues are generally thought to enhance enzyme thermostability more than Lys residues by facilitating a greater number of electrostatic (up to two salt bridges and five H-bond) interactions through their guanidino group (55, 56, 58, 140, 141) . Experimental support for the general thermostabilizing effect of Arg over Lys comes from studies on a range of mammalian enzymes that were reported as stabilized by the introduction of guanidinium groups (140) . In a cold-adapted protein-tyrosine phosphatase, Met147 is present in a loop that is a part of the active site. The homolog from a mesophile contains Arg at an equivalent location in the structure (Arg73) and is able to make five additional H-bonds. It is likely that the Met replacement imparts flexibility to the active site of the cold-adapted enzyme (106) . AHA has only 13 Arg and 13 Lys residues compared to 28 Arg and 19 Lys residues in PPA (78, 142) . As a result, there is a reduction in Argmediated salt bridges (−9), amino-aromatic interactions (−11), and H-bonds (−22) (25, 122) . The stability of AHA has been found to increase by converting the side chains of Lys residues to homoarginine (142a). This is consistent with Lys replacing Arg as a means of generating flexibility in AHA.
Aromatic interactions. The aromatic rings in Trp, Tyr, and Phe have a dipole because of the partial negative charge on the face of the ring caused by the π-electron cloud and by a partial positive charge on the C-H edges (25) . This polarity permits favorable interactions between aromatic rings at right angles to each other (aromatic-aromatic interactions) or between aromatic rings and the side chains of Arg and Lys (aromatic-amino interactions). Aromatic interactions may therefore promote thermostabilization through an enthalpic contribution.
Cold-adapted subtilisin has a general lack of aromatic interactions in contrast to 11 interactions identified on the surface of a thermophilic homolog (130) . In a β-lactamase from a mesophile, two Trp aromatic-aromatic interactions are present in comparison to a homolog from a psychrophile and appear to be important for thermostabilization (55) . In AHA, a reduced number of aromatic-amino, but not aromatic-aromatic, interactions appear to be important for maintaining flexibility (25) .
Salt bridges.
A salt bridge is defined as an ion pair with a distance of 2.5-4.0Å between charged nonhydrogen atoms (143) and contributes 12-21 kJ mol −1 of stabilization to an enzyme (138) . The formation cost of a single ion pair is very high on the surface of an enzyme (138) . However, ion-pair networks are more stable owing to the reduction by half of the desolvation penalty (138) . In addition to these effects, because of water's high dielectric constant at low temperatures, ion pairs become destabilizing (see the section Optimization of K m in Cold-Adapted Enzymes, above) and may therefore enhance flexibility of coldadapted enzymes at low temperatures (48, 87) .
Several comparative studies based on Xray structure data have reported that the number of salt bridges is lower in cold-adapted enzymes (e.g., 119), and this is reflected in the majority of those listed in Table 6 . Coldadapted subtilisin has two salt bridges compared with five and ten salt bridges in the homologs from mesophiles and thermophiles, respectively (130) . The number of salt bridges (particularly the Arg-mediated ones) in AHA is considerably less than in PPA and may contribute to AHA's thermolability and ability to unfold reversibily (25, 58, 122) .
Citrate synthase from a psychrophile is reported to have more intrasubunit salt bridges than a homolog from a hyperthermophile, 27 versus 42, respectively (62) . However, the cold-adapted enzyme has fewer intersubunit interactions than a homolog from a mesophile (62) . A reduced number of intersubunit and ion-pair networks also appears to be important for the heat lability of a malate dehydrogenase from a psychrophile (54) . In a genomics study, the number of predicted salt bridges was found to decrease significantly for enzymes from psychrophiles for some protein models (e.g., Cpn60); however, unlike the trends for solvent accessibility for charged and hydrophobic residues, the trend for salt bridges was not a general feature (11) . In association with the data assembled in Table 6 , these studies indicate that cold adaptation correlates more strongly with a reduced number of interdomain and intersubunit interactions, rather than the number of salt bridges per se.
The importance of the strategic placement of salt bridges is well illustrated in citrate synthase, where the absence of an intersubunit R375-E48 salt bridge appears to make a critical contribution to its low stability (62) . An ion pair may be considered critical if the bridge is between residues that are distantly located (>10 residues) and if the ion pair cannot form in a more thermolabile homolog because of amino acid replacement or the ion pair's distance apart (≥6Å) (123) . This type of critical replacement appears to make an important contribution to the thermolability of a coldadapted adenylate kinase (123) .
Secondary Structure Elements
The elements of secondary structures (α-helix and β-sheets) define how the tertiary structure of a protein will fold. As they play a central role in the structure and function of a protein, only minor changes in secondary structure can be tolerated. The stability of an α-helix depends on the intrahelical H-bonds and the side-chain-to-side-chain interactions. Helix termini lack intrahelical interactions. The properties of Ncap (N-terminal residue of the helix) and Ccap residues can also affect the stability of an enzyme (144) . In a helix, the peptide units tend to align parallel to the helical axis, and their cumulative effect is to create a helix macro-dipole (approximately +0.5 unit charge at the N terminus and −0.5 at the C terminus). As a result, residues toward the N terminus of a helix tend to be negatively charged, and those toward the C terminus tend to be positively charged.
The amino acid differences between coldadapted enzymes and thermostable homologs create subtle differences in the properties of α-helices (8) . In AHA compared to PPA, negatively charged Ncap residues decrease from four to two, and positively charged Ccap residues decrease from six to three (25) . The weakened charge-dipole interactions in AHA may generate flexibility (25) . In the case of cold-adapted triosephosphate isomerase, flexibility may be promoted by a higher level of positive charge near the Ncap and negative charge near the Ccap (145) .
When located in the center of α-helices, Pro residues cause at least two H-bonds to be lost and, owing to their restricted degrees of freedom, can cause destabilization by acting as a helix breaker (146, 147) . However, when present at the Ncap, they may induce helix formation (146) . A number of coldadapted enzymes have a higher number of Pro residues in α-helices ( Table 6 ). For example, a cold-adapted citrate synthase has additional Pro residues in the center of two α-helices (62) .
Lacking a side chain and the conformational freedom of Gly residues, they may destabilize α-helices (147, 148) . This capacity does not seem to play a role in cold adaptation because no significant trends involving Gly residues have been identified in comparative studies (8) .
Surface Loops
The majority of loops that connect secondary structure elements are found on the enzyme's surface. Many catalytic pockets are surrounded by loop structures and generate flexibility of the active site (8) . For reasons similar to those described in the Secondary Structure Elements section above, the side chain of a Pro residue is covalently bound to the N atom of the peptide backbone, thereby restricting the rotation about N-C α bonds and reducing conformational flexibility of loop structures (56) . In contrast, Gly residues in loops increase conformational freedom of the native state (60) .
The number of Pro residues in loops is lower in cold-adapted subtilisin, malate dehydrogenase, trypsin, alkaline phosphatase, DNA ligase and AHA, compared to their respective mesophilic and thermophilic homologs ( Table 6 ). In a cold-adapted 3-isopropylmalate dehydrogenase, Ala and Ser replace two Pro residues that are present in two loops in thermostable homologs and in one loop near the active site (143) . In a coldadapted citrate synthase, a loop connecting two α-helices is nine residues longer than in thermostable enzymes and contains more charged residues (62, 149) . The cold-adapted enzyme also contains eight fewer Pro residues in loops compared with the homolog from a hyperthermophile.
The flexibility of LDH-A 4 from an Antarctic fish appears to be enhanced by a loop possessing 2 additional Gly residues that are 10 residues apart (60) . However, a cold-adapted citrate synthase has 7 less Gly residues (a total of 22) than a homolog from a hyperthermophile; the number of Gly residues is the same in α-helices but is reduced by 7 in loops of the cold-adapted enzyme (62) . It appears that the relative abundance of Gly residues in loops is only partially explained by the contribution they make to the overall flexibility of the enzyme.
A cold-adapted triosephosphate isomerase has more and longer loops connecting α-helices and β-sheets than homologs from mesophiles and thermophiles (139, 145) . Longer surface loops increase the possible amplitude of the movement between secondary structures and may decrease enzyme stability.
Other Factors
Methionine content is higher in a number of cold-adapted enzymes ( Table 6 ). Met residues may confer flexibility because of their high degree of freedom and because they lack branching and charge or dipole interactions (117) . Alternatively, a high Met content, identified in cold-adapted trypsins from fish, may reflect halophilic adaptation (8, 121) .
Metals can stabilize an enzyme by simultaneously bridging numerous secondary structures or domains. Many Ca 2+ -binding, cold-adapted enzymes are characterized by low binding constants. The Ca 2+ -binding affinity is 2000-fold lower in AHA compared to PPA (78) , and a cold-adapted subtilisin from a Bacillus spp. has a lower Ca 2+ -binding affinity than a thermostable homolog from Thermoactinomycetes vulgaris (130) . A coldadapted subtilisin from Vibrio sp. has one more Ca 2+ -binding site compared to the T. vulgaris enzyme (132) . The significance of the larger number of Ca 2+ -binding sites in the Vibrio sp. enzyme will become clearer when the affinity constants are calculated.
The absence of disulfide bridges in a coldadapted alkaline phosphatase has been suggested to confer flexibility (150) . In contrast, three disulfide bridges are present in a cold-adapted subtilisin-like serine protease compared to none in the homolog from a thermophile (132) . Four disulfide bridges are present in AHA compared to five in PPA (78) . Introduction of a fifth disulfide bridge in AHA resulted in increased conformational stability and decreased activity (151) . Removal (by chemical modification) of all disulfide bonds in AHA led to stabilization of the least stable region of the enzyme, including the active site, and a decrease in activity (80) . In AHA, the disulfide bridges appear to prevent the active site from developing ionic interactions, thereby promoting a localized destabilization to preserve activity.
SUMMARY POINTS
1. Insight into cold adaptation has occurred through studies performed on 15 X-ray structures, biochemical and biophysical analysis of activity and stability of numerous enzymes, and compositional and structural (homology modeling) analyses of genome sequence data from a limited number of psychrophiles. Studies have been performed on cold-adapted enzymes from members of the Bacteria, Archaea, and Eucarya, representing wild-type, mutant, and chemically modified forms of native and recombinant proteins.
2. A range of structural features correlates with enzyme cold adaptation. However, no structural feature is present in all cold-adapted enzymes, and no structural features always correlate with cold adaptation.
3. Proteins from psychrophiles are thermolabile and more flexibile than their counterparts from thermophiles. Many cold-adapted proteins have regions of local flexibility, particularly around the active site. The high local flexibility is translated into a reduction in H # , high k cat , and, in the majority of cases, high K m .
4. The high activity and low stability of cold-adapted enzymes underlie a general principle of activity-stability trade-off. The outcomes of mutagenesis and chemical modification studies indicate, to some degree, that variants of naturally occuring cold-adapted enzymes can defy this rule. Seeking out ways to optimize enzyme cold adaptation will help promote a mechanistic understanding and provide improved products for commercial exploitation.
FUTURE ISSUES TO BE RESOLVED
1. Observational trends derived from compositional and structural inference need to be experimentally probed, using a range of biophysical methods, and structures determined for mutants to verify predictions.
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2. In addition to increasing the number of single-enzyme comparisons of phylogenetically closely related and thermally divergent models, a significant increase in genome sequence data for psychrophiles is required in order to identify broad, robust trends in thermal adaptation. These should include a number of nonmarine organisms (e.g., psychrophiles from freshwater lakes) to ensure that halophilic and psychrophilic adaptation can be distinguished.
3. In order to more fully determine the characteristics of enzymes from psychrophiles, attention should be paid to physiological and environmental factors, including the use of natural substrates.
4. Cold denaturation needs to be experimentally defined for a larger number of coldadapted enzymes. The generation of stability curves of sets of thermally adapted enzymes at temperatures between the T m of cold denaturation and the T m of heat denaturation would be useful for probing the mechanisms of cold unfolding.
